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Corrosion 
in Methylphosphonic Difluoride 

Chester V. Zabielski and Milton Levy 
U.S. Army Research Laboratory, Watertown, MA 02172-0001 

Electrochemical potentiodynamic polarization studies were conducted for a variety of 
ferrous and nonferrous metals in methylphosphonic difluoride. Studies were also made 
of the effects of organic inhibitors on the corrosion rates of 1020 steel (UNS G10200), 
type316L (UNS S31603),and type 304 stainless steel (UNS S30400),and magnesium 
in methylphosphonic difluoride. 

Chemical weapons in the 
United States include binary 
munitions in which two 

components are kept in separate com- 
partments until activation. These mu- 
nitions must be stockpiled for long 
periods of time (up to 30 years) and 
then must operate reliably when the 
need arises. 

Very reliable storage containers 
are essential to the subsequent acti- 
vation and availability of this weapon 
system. A storage container's failure 
is a hazard in itself because of the 
toxic constituents. The principal cause 
of failure will be corrosion of the stor- 
age container by the highly corrosive 
methylphosphonic difluoride (DF). 
This compound reacts with the alco- 
hol in the weapon system and forms 
the active agent (GB). The hydro- 
scopic DF interacts with water that 
may be present and forms hydrogen 
fluoride (HF). DF is npt used in pure 
form but contains significant amounts 
of chlorides and cathodic impurities 
such as iron, copper, and nickel, 
which can increase corrosion rates of 
most metals and alloys. Although 
polymeric liners are used, they may 
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slowly interact with the HF; there- 
fore, the substrate metal /alloy must 
be able to withstand corrosion and 
pitting attack. Pitting attack could rap- 
idly perforate the container. Vapor 
phase (thin electrolyte film) corrosion 
has been shown to be the primary 
failure mode in GB munitions and is 
prevalent in DF systems. 

The objectives of this study were 
to: 
• investigate the kinetics and mecha- 

nisms of corrosion of Al 6061-T6 
(UNS A96061) and candidate metal 
alloys in DF, 

• establish effective corrosion inhibi- 
tors, and 

• ultimately incorporate or immobi- 
lize inhibitors into coatings that 
provide protection above the liq- 
uid line. 

Experimental 
Materials 

The DF was used in two purities, 
97.1 and 99.8%; the compositions are 
listed in Table 1. Organic inhibitors 
were added to DF to determine their 
effects on the corrosion processes and 
to protect the alloys against corro- 

1 

sion. A variety of metals and alloys 
were used. 

Specimens and Procedures 
The corrosion cell was a modi- 

fied polarographic trielectrode cell 
constructed from polytetrafluoro- 
ethylene1-2 The reference electrode in 
the DF solution was a silver wire in 
0.1 M silver nitrate in acetonitrile. The 
working electrode was an alloy cyl- 
inder with a 1.2-cm2 surface area. The 
counter electrode was a spiralled 40- 
gauge platinum wire. In order to de- 
scribe the .anodic and cathodic 
processes, anodic and cathodic po- 
larization measurements were made 
utilizing the potential sweep method. 
The electrode potential was continu- 
ously changed at a constant rate of 
5,000 mV/h, and current was simul- 
taneously recorded. Corrosion rates 
in micrometers per year (|im/y) were 
generally determined by extrapolat- 
ing the cathodic portion of the polar- 
ization curve to the corrosion 
potential; pitting scans were per- 
formed to elucidate the mechanisms 
of passivation or pitting. One-hour 
potential-time data were obtained for 
all alloys in all environments to de- 
termine the corrosion potentials. 
Modified polarization specimens of 
1.2- to 4.5-cm2 surface area were 
exposed for up to 180 days at room 
temperature to DF-22 vapor by posi- 
tioning the specimen above the 
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TABLE 3 
Potentiodynamic Corrosion Rates and Pitting Observations for Nonferrous Alloys in DF-2 (97.1%) and DF-22 (99.8%) at 25°C 

Corrosion Rate 

OF-2 DF-22 Pitting in DF-22 

Cathodic Anodic             Cathodic Anodic Polarization Exposure 

Alloy (um/y) (um/y)               (um/y) (um/y) Scan Visual Vapor 

Al 7075-T6 10.2 nd                        1.5 1.7 N N nd . 

Al 5083 10.7 12.4                     1.8 1.7 P nd PP 

Al 2O90 12.4 15                        2.3 2.0 SP SP N 

Al 2017 1.0 2                       15.7 35.3 N N nd 

AI6061-T6 15 9.9                    10 10 N nd PP 

Al 4043 78.5 28                       16.3 37.3 N HP N 

Pure Cu 1,717 996                       38.9 48.3 P PP nd 

Cu (5% Zn) nd nd                       50.8 71.6 P nd nd 

Cu (30% Zn) nd nd                      40.6 42.9 SP SP nd 
Cu (30% Zn, 2% Pb) 600 1,159                        7.1 77.7 P PP nd 

Pure Mg nd nd                     277.9 427.0 HP P HP 

U (0.75% Ti) (warm worked) nd nd                    129.5 136.1 SP N nd 

Key for pitting data: 
nd = no data          PP = possible pitting          P = pitting N = no pitting          SP = slight pitting HP = heavy pitting 

TABLE 4 
Potentiodynamic Corrosion Rates and Pitting Observations for Ferrous and Nickel Alloys 

in DF-2 (97.1%) and DF-22 (99.8%) at 25°C 

Corrosion Rate 

DF-2 DF-22 Pitting in DF-22 

Polarization 
Cathodic 

(um/y) 
Anodic             Cathodic 
(um/y)                (um/y) 

Anodic 
(um/y) 

Exposure 
Alloy Scan Visual Vapor 

20Cb3 nd nd                        7.6 5.6 N N nd 
317LSS nd nd                      30.5 29.8 N N nd 
316LSS 938.3 1,956                         6.9 8.4 N PP N 
304 SS 1,104 1,122                         4.1 6.1 SP PP HP 

430 SS nd nd                       18.5 23.1 PP SP nd 

1020 2,506 3,452                       444.5 528.1 N nd N 

Hastelloy C 4.8 5.8                      2.0 1.3 P nd PP 

Hastelloy B 52.3 56.9                    17.3 40.1 SP nd SP 
Monel 380.2 933.9                     46.0 62.2 PP nd nd 
Ni200 nd nd                       61.0 65.5 SP PP nd 
Commercially pure Ni nd nd                       35.1 22.4. P PP nd 

Key for pitting data: 
nd = no data          PP = possible pitting          P = pitting N = no pitting          SP = slight pitting HP = heavy pitting 

chloride ions at the anode and cation 
reduction of metallic impurities at the 
cathode. The 1020 steel had the high- 
est corrosion rate in both solutions. 
Al 6061-T6, Hastelloy C, and Ta-10W 
had low corrosion rates of less than 
25.4 um/y in both solutions. 

Polarization curves were ob- 
tained for several aluminum (Al) al- 
loys in both DF solutions. These 
curves show that Al 7075-T6 (UNS 
A97075), Al 5083 (UNS A95083), Al 
6061-T6, and Al 2090 (UNS A92090) 
develop passive regions in both solu- 
tions with current densities less than 
20 uA/cm2. Table 3 lists the corrosion 
rates determined from the extrapola- 
tion of the cathodic and anodic Tafel 

slopes to the corrosion potential. Al 
7075-T6, Al 5083, Al 6061 -T6, and Al 
2090 have corrosion rates less than 
25.4 um/y in both DF-2 and DF-22 
solutions. The remaining alloys, 4043 
(UNS A94043) and 2017 (UNS 
A92017), exhibited slightly higher cor- 
rosion rates. Pitting scan data in Table 
3 for the DF-22 solution indicated that 
Al 5083, which contains 4.5% magne- 
sium, and Al 2090, which contains 
2.4% lithium, experienced pitting. 

Visual examination of the polar- 
ization specimens after the pitting 
scans showed evidence of pitting in 
Al 5083 and Al 4043. Table 3 also 
shows that Al 5083 and Al 6061-T6 
pit when exposed to DF-22 vapor. 

Examination of polarization 
curves for selected copper (Cu) al- 
loys in DF-2 and DF-22 solutions 
showed that Cu alloys exhibited pas- 
sive current densities (100 uA/cm2) 
in DF-22 but not in DF-2 solution. 
Adding zinc to Cu displaces the 
curves toward more negative poten- 
tials. The corrosion rates in DF-2 so- 
lution for Cu and the Cu alloy 
containing 38% zinc and 2% lead 
(UNS C36000) listed in Table 3 ex- 
ceeded 600 um/y, and are signifi- 
cantly higher than those for the Cu 
alloys in DF-22 solution. The corro- 
sion rates in DF-22 solution were be- 
tween 38.9 and 77.7 um/y, except for 
Cu (38% zinc, 2% lead), which had a 
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TABLE 5 
Potentiodynamic Corrosion Rates and Percent Inhibiting Efficiencies1*1 

of 1020 Steel in DF-2 (97.1%) with Organic Inhibitor Additions 

Inhibitor Addition Cathodlc Anodic 

(0.025 M) (pm/y) (I.E.%)<»> (nm/y) (i.E.%y*> 

DF-2 2.507 3.452 
Sulfanilamide 645 74.3 546 84.2 
Benzonitrile 856 65.8 1,085 68.6 
Benzothiazole 913 63.6 1,275 63.1 
Benzotriazole 1,105 56.0 1.603 53.6 
NLS (Na salt)»1 1,399 44.2 2,101 39.1 
NLS (free acid)"" 1,420 43.4 2,504 27.4 
2-Benzothiazolethiol 1,478 41.0 2,705 21.6 
Benzimidazole — — 2.995 13.2 
1-Phenyl-2-Thiourea 1,824 27.2 3.454 0.0 

"Inhibiting efficiencies » I.E. 
>B'N-lauroyl sarcosine 

TABLE 6 
Potentiodynamic Corrosion Rates and Percent Inhibiting Efficiencies 

of 316L SS in DF-2 (97.1%) with Organic Inhibitor Additions 

Inhibitor Addition Cathodlc Anodic 

(0.025 M) (pm/y) (I.E.%) fom/y) (I.E.%) 

DF-2 
Benzotriazole 
NLS (free acid)'*1 

NLS (Na salt)'»1 

Benzothiazole 

1,105 
27.4 

653 
770 
787 

97.5 
40.8 
30.4 
28.6 

1.123 
16 

295 
353 
523 

98.6 
73.8 
68.6 
63.6 

' N-lauroyl sarcosine 

rate of 7.1 um/y. Pitting scan data in 
Table 3 for the DF-22 solution dis- 
closed that pitting occurred. Visual 
examination of the polarization speci- 
mens after the completion of the pit- 
ting scans confirmed that pitting did 
indeed occur. 

Compared to Al 6061-T6 and Al 
2017 analysis of the polarization 
curves for commercially pure mag- 
nesium (Mg), U-0.75% Ti (warm 
worked), which was solution treated 
in vacuum at 850°C, vertically water 
quenched, and warm rod rolled 33.4% 
at 250°C, showed that Mg and U- 
0.75% Ti exhibited in DF-22 solution 
more active corrosion potentials and 
higher current densities, but passive 
current densities did not exceed 100 
uA/cm. Passive current densities for 
the Al alloys were between 5 and 10 
uA/cm2. The corrosion rates in DF- 
22 solution of commercially pure Mg 
and U-0.75% Ti significantly exceeded 
the rates for Al 6061-T6 and Al 2017, 
but were lower than those for 1020 

steel (Tables 3 and 4). Pitting scan 
data for commercially pure magne- 
sium in DF-22 solution indicated se- 
vere pitting occurred; slight pitting 
occurred on warm worked U-0.75% 
Ti. Visual examination of the polar- 
ization specimens after completion of 
the pitting scans confirmed the oc- 
currence of pitting in commercially 
pure Mg. DF-22 (99.8%) vapor expo- 
sure data also showed severe pitting 
of Mg. 

Polarization curves for stainless 
steel (SS) and other ferrous alloys in 
DF-22 (99.8%) solution showed that 
the higher chromium and nickel con- 
tent of SS displaced the 1020 steel 
curve toward more noble potentials 
and lower current densities. The cor- 
rosion rates for types 304 SS (UNS 
S30400) and 316L SS (UNS S31603) in 
DF-2 solution markedly exceeded 
those in DF-22 solution but were 
lower than the corrosion rates for 1020 
steel. Pitting scan data in Table 4 in- 
dicates that slight pitting occurred on 

types 304 SS and 430 SS (UNS 43000) 
in the DF-22 solution. Visual exami- 
nation of polarization specimens af- 
ter completion of pitting scans 
disclosed slight pitting for types 430 
SS, 304 SS, and 316L SS. The DF-22 
vapor exposure data in Table 4 indi- 
cates severe pitting of 304 SS, but no 
pitting of 316LSS. 

Comparing polarization curves 
for nickel (Ni) alloys in DF-22 solu- 
tion with pure Ni, it appears that add- 
ing chromium and molybdenum to 
Ni displaced the curves for Hastelloy 
B and Hastelloy C toward more noble 
potentials and lower current densi- 
ties. The addition of Cu to pure Ni 
shifts the curve for Monel toward 
more negative or active potentials. 
Corrosion rates in DF-22 solution, in 
order of increasing rates, were 
Hastelloy C (2.0 um/y), Hastelloy B 
(17.3 um/y), commercially pure Ni 
(35.1 um/y), Monel (46 um/y), and 
Ni 200 (61 um/y). Corrosion rates in 
DF-2 solution were somewhat higher 
than in DF-22 for Hastelloy C (4.8 
um/y) and Hastelloy B (52.3 um/y), 
and markedly higher for Monel (380.2 
um/y). Pitting scan data in Table 4 
indicates that Hastelloy C, Hastelloy 
B, Ni 200, Monel, and commercially 
pure Ni undergo pitting in the DF-22 
solution. The visual examination of 
polarization specimens after comple- 
tion of the pitting scans revealed pit- 
ting of Ni 200 and commercially pure 
Ni. DF-22 vapor exposure data in 
Table 4 indicates pitting of Hastelloy 
B and Hastelloy C. 

Inhibitor Studies 
Table 5 lists the percent cathodic 

and anodic inhibition efficiencies of 
several organic compounds in reduc- 
ing the corrosion rate of mild steel in 
DF-2 solutions. The inhibition is based 
on corrosion rates determined from 
cathodic and anodic Tafel slope ex- 
trapolations which do not account for 
pitting. Sulfanilimide was found to 
have the highest cathodic and anodic 
inhibiting efficiencies of 74.3 and 
84.2%, respectively. Benzonitrile, 
benzothiazole, and benzotriazole ad- 
ditions provided cathodic and anodic 
inhibiting efficiencies greater than 
50%. Sulfanilimide, benzonitrile, and 

MP/December 1994 
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Volts 

1.400 • 

1.000 

0.600 

0.200 

-0.200 With 0.025 M 
Benzothiazole 

10u 101 10* 10J 10" 105nA/cm2 

FIGURE 2 
Effect of 0.025 M benzothiazole on potentiodynamic polarization curves for 304 SS in DF-22 (99.8%) at 25°C. 
Scan rate: 1.388 mV/s. 

benzotriazole are nitrogen (N)-con- 
taining additives, while benzothiazole 
is a sulfur (S)-containing additive. 
These species may chemically absorb 
on the surface to inhibit corrosion by 
acidic fluorides (hydrogen fluoride) 
and acidic chlorides (hydrochloric 
acid). The remaining organic inhibi- 
tor additions of NLS (Na salt), NLS 

(free acid), benzimidazole (N-contain- 
ing additives), and 2-benzothiazole- 
ethiol and l-phenyl-2-thiourea 
(S-containing additives) had cathodic 
and anodic inhibiting efficiencies 
lower than 50%. 

Table 6 contains similar data for 
type 316L SS. Benzotriazole had the 
highest cathodic and anodic inhibit- 

ing efficiencies of 97.5 and 98.6%, re- 
spectively, but pitting scan data and 
visual examination showed that pit- 
ting occurred. Since comparable 
polarization data and visual exami- 
nation of 316L SS exposed to DF-2 
solution without an inhibitor showed 
no evidence of pitting, it is clear that 
benzotriazole will induce pitting of 
316L SS despite the excellent inhibi- 
tion displayed. NLS (free acid) gave 
the next highest cathodic and anodic 
inhibiting efficiencies of 40.8 and 
73.8%, respectively. 

Figure 2 compares anodic polar- 
ization curves for type 304 SS in DF- 
22 with and without a 0.025 M 
benzothiazole addition. The inhibi- 
tor addition shifted the curve toward 
more negative potentials and lower 
current densities, and reduced the 
passive current density from 80 to 8 
uA/cm2. Table 7 compares the effi- 
cacy of the four inhibitors for 304 SS 
in DF-22. Benzotriazole had the high- 
est cathodic inhibiting efficiency of 
76.4%, followed by benzothiazole and 
sulfanilimide (greater than 50%) and 
the Na-salt of n-lauroyl sarcosine 

TABLE 7 
Potentiodynamic Corrosion Rates and Percent Inhibiting Efficiencies 

of 304 SS in DF-22 with Organic Inhibitors Added 

Inhibitor Efficiency Pitting Observations 
Anodic Cathodic Polarization Exposure 

Inhibitor (um/y) (I.E.%) (um/y) (I.E.%) Scan Visual Liquid Vapor 

No inhibitor, 0.025 M 
Benzotriazole, 0.025 M 
Benzothazole, 0.025 M 
Sulfanilamide, 0.025 M 
N-lauroyl sarcosine (Na salt) 

8.36 
2.46 
2.44 
4.17 
4.70 

70.5 
70.8 
50.2 
43.8 

6.86 
1.63 
2.11 
3.30 
4.14 

76.4 
69.6 
52.0 
39.9 

SP 
N 
N 
N 
N 

PP 
N 
N 
N 
N 

HP 
nd 
N 
nd 
nd 

HP 
nd 
N 
nd 
nd 

Key for pitting data: 
nd = no data          PP = possible pitting P = pitting N = = no pitting SP = slight pitting HP = heavy pitting 

TABLE 8 
Potentiodynamic Corrosion Rates and Percent Inhibiting Efficiencies 

of Commercially Pure Mg in DF-22 with Organic Inhibitors Added 

Inhibitor Efficiency Pitting Observations 
Cathodic Anodic Polarization Exposure 

Vapor Inhibitor (um/y) (I.E.%) (Mm/y) (I.E.%) Scan Visual 

No inhibitor, 0.025 M 
Benzothiazole, 0.025 M 
Benzotriazole, 0.025 M 

277.9 
34.8 
78.2 

87.5 
71.7 

427 

96 
nf 

77.5 

P 
N 
N 

HP 
SP 
SP 

HP 
P 
nd 

Key for pitting data: 
nd « no data nf = not found P = pitting N = no pitting SP = slight pitting HP = heavy pitting 

MP/December 1994 



ENVIRONMENTAL   EFFECTS 

(a) (b) 

FIGURE 3 
Elimination of pitting of type 304 SS exposed to DF-22 vapor for 30 days by addition of 0.025 M benzothiazole. 
Original magnification 32x; reduced, (a) type 304 SS in DF-22 vapor, (b) type 304 SS in DF-22 vaporwith 0.025 
M benzothiazole. 

Volts 

0.600 ■ 

0.200 

-0.200 

-0.600 

-1.000 

0.025 M Benzothiazole 

No Inhibitor 

101 102 103 104 10s 106nA/cm2 

FIGURE 4 
Effect of organic inhibitors on potentiodynamic polarization behavior of commercially pure Mg in DF-22 
(99.8%) at 25°C. Scan rate: 1.388 mV/s. 

(a) 

(b) 

FIGURE 5 
Reduction of pitting of commercially pure Mg exposed 
to DF-22 vapor for 15 days by addition of 0.025 M 
benzothiazole. Original magnification 32x; reduced, 
(a) Commercially pure Mg in DF-22 vapor, (b) 
Commercially pure Mg in DF-22 vapor with 0.025 M 
benzothiazole. 

(below 50%). Pitting scan data (Table 
7) show that all the inhibitor addi- 
tions eliminated pitting. Visual ex- 
amination of the polarization 
specimens confirmed the elimination 
of pitting by the four inhibitors. Fig- 
ure 3 shows that 304 SS specimens 
exposed to the vapor above the DF- 
22 (99.8%) solution with 0.025 M 
benzothiazole were free of pitting. 

Figure 4 compares anodic polar- 
ization curves for commercially pure 
Mg in DF-22 (99.8%) with and with- 

out 0.025 M benzothiazole. The addi- 
tion of the inhibitor shifted the curve 
toward more noble potentials, 
showed an active-passive transition, 
and reduced the critical current den- 
sity for passivity from 100 to 10 IJA/ 

cm2. Table 8 shows that benzothiazole 
had a higher cathodic inhibiting effi- 
ciency (87.5%) than benzotriazole 
(71.5%). The pitting scan data (Table 
8) show that both inhibitors elimi- 
nated pitting. Visual examination of 
the polarization specimens after pit- 

ting scans, however, revealed that 
slight pitting was evident. Figure 5 
shows that commercially pure Mg 
specimens exposed to the vapor 
above the DF-22 (99.8%) solution with 
0.025 M benzothiazole had a very 
large reduction in the extent and size 
of pitting. 

Conclusions 
The corrosion rates of the met- 

als/alloys in 97.1% DF were signifi- 
cantly higher than in 99.8% DF. The 
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impurities in the 97.1 % solution prob- 
ably contributed to the increase in 
the corrosion rate. The 1020 steel had 
the highest corrosion rate in both so- 
lutions. Hastelloy C, Ta-lOW, Al 
6061T6, Al 5083, Al 2090, and Al 7075- 
T6 had corrosion rates of less than 
25.4 |am/y in both solutions. 

The corrosion potentials of the 
metals/alloys were generally more 
active in the higher purity solution, 
except for Hastelloy B, Hastelloy C, 
types 304 SS and 316L SS, Al 2090, Al 
2017, and Cu (38% zinc, 2% lead). 

Pitting tendency, as determined 
from potentiodynamic pitting scans, 
disclosed that pitting did not occur 
for any metal/alloy in the 97.1% so- 
lution, but that pitting did occur in 
the higher purity 99.8% solution for 
most alloys. 

The best inhibitor for specific al- 
loys in DF is as follows: Sulfanilimide 
for 1020 steel and benzotriazole for 
316L SS in 97.1% DF; benzotriazole 
for 304 SS and benzothiazole for mag- 
nesium in 99.8% DF. 

Potentiodynamic pitting scans 
for type 304 SS in 99.8% DF solution 
with 0.025 M additions of benzo- 
triazole, benzothiazole, sulfanilimide, 
or N-lauroyl sarcosine (Na salt), and 
for Mg with benzothiazole or 
benzotriazole additions showed that 
these inhibitors reduced or eliminated 
pitting. An addition of 0.025 M 
benzothiazole to the liquid phase 
greatly reduced the extent of pitting 
of type 304 SS and Mg specimens af- 
ter long-term exposure to vapor 
above 99.8% DF. 
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